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JAPCA 38:135-143 (1988)

Windbreak Effectiveness for Storage Pile Fugitive Dust

Control: A Wind Tunnel Study

B. J. Billman Stunder
National Oceanic and Atmospheric Administration
Silver Spring, Maryland

S. P. S. Arya
North Carolina State University
Raleigh, North Carolina

Results of wind tunnel experiments to determine the optimal size
and location of porous windbreaks for controlling fugitive dust emis-
sions from storage piles in a simulated neutral atmospheric bound-
ary layer are presented. Straight sections of windbreak material
were placed upwind of two nonerodible, typically shaped piles and
were also placed on the top of one of the piles. Wind speed near the
pile surface is considered here as the primary factor affecting
particle uptake. Wind speed distributions about the piles with and
without porous windbreaks are presented. Relative wind speed
reduction factors are described and efficiencies based on the rela-
tionship between wind speed and.particle uptake are given. The
largest and most solid windbreak caused the greatest wind speed
reduction, but similar wind speed reductions were also obtained
from several smaller windbreaks. A 50 percent porous windbreak of
height equal to the pile height and length equal to the pile length at
the base, located one pile height from the base of the pile was found
to be quite effective in reducing wind speeds over much of the pile.
Windbreaks placed on the top of a flat-topped pile caused large
wind speed reductions on the pile top, but small, if any, reductions
on the windward pile face. Windbreak effectiveness decreased as
the angle between the windbreak and the wind direction decreased.

Fugitive dust from sources such as storage piles, materials
transfer points, unpaved roads, and agricultural tilling con-
tribute significantly to total suspended particulate (TSP)
levels in some regions of the country. In addition to limits on
ambient concentrations of TSP, radioactive particulate is
also regulated. Early air pollution control efforts empha-
sized controlling emissions from stacks rather than fugitive
dust emissions because the greater bulk of pollutants of
concern at that time came from stacks. Now, control meth-
ods for fugitive dust emissions are also being tested. This
wind tunnel study of windbreak effectiveness for the control
of fugitive dust from storage piles was undertaken for the
EPA Air and Energy Engineering Research Laboratory as
part of our cooperative agreement with the U.S. EPA.

Storage pile fugitive dust emission rates depend upon the
stored material's bulk density, moisture content and particle
size distribution, the storage pile geometry, the wind veloci-

ty near the pile surface and other parameters. However,
particle uptake does not occur unless the wind speed is
greater than a threshold velocity, which is dependent upon
the type of stored material, its moisture content and particle
size distribution. Several empirical relationships between
wind speed and particle uptake rate are found in the litera-
ture. Storage pile emission rates have been shown to be
related linearly to wind speed,1 or to the cube of wind speed.2

Gilette3 has suggested that friction velocity, rather than
wind speed, is important. Field tests have indicated that
threshold friction velocities range from 0.2 to 2 m/s depend-
ing upon the type of material.4"6 In other field tests, thresh-
old wind speeds of about 10 m/s at a height of 15 cm above a
coal pile surface were estimated7-8 and implied that very
strong winds are needed for erosion to commence. A more
comprehensive review of storage pile wind erosion emission
factors is given by Currier and Neal.9

The use of windbreaks for storage-pile fugitive-dust con-
trol is based upon the existence of a sheltered region down-
stream of a windbreak. Wind tunnel and field experiments
have shown that windbreaks produce large areas of reduced
wind speed in their lee.10 Recirculation regions are evident
both upwind and downwind of a solid windbreak; they are
regions of low velocity and high turbulence intensity. Air
incident on a porous windbreak flows over, around, and
through the windbreak, but regions of reduced wind speed
occur both downwind and upwind.11'12 Greater wind speed
reductions and turbulence intensity (u'/U, where u' is the
r.m.s. longitudinal velocity fluctuation and U is the mean
wind speed) enhancements occur with decreasing porosity.11

The maximum in u' is located just above and extends down-
stream from the top of the windbreak, as a result of turbu-
lence generated in the windbreak-induced shear layer. As
expected, the location of the sheltered region shifts as the
wind direction varies from that of the windbreak normal.13"
15 Measurements along the windbreak normal show that the
minimum wind speed increases and its location moves to-
ward the windbreak as the angle between the wind direction
and the windbreak normal increases.14

Very little information on the use of windbreaks as a
storage pile fugitive dust control method is contained in the
literature. Low efficiencies were reported by Bohn et a/.16

and Jutze et al.,11 although these were only estimates. No
guidelines on windbreak design and use are available. Re-
sults of a water flume study indicated that the windbreak
Copyright 1988—APCA
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height should be at least 1.4//, where H is the pile height, and
that the lower two-thirds of the windbreak be 20 percent
porous and the remainder, 50 percent porous.18 However,
the author did not state whether more than one windbreak
height and porosity were used, nor were details of windbreak
length and location, relative to the pile, and the simulated
boundary layer given. Results from a wind tunnel study
using a two-dimensional windbreak and pile are reported by
Soo et al.19 and Cai et al.20 Combinations of two windbreak
heights, two porosities, and five positions were tested. Opti-
mal windbreak location was found to depend on both the
windbreak height and porosity. The lower porosity wind-
break caused lower wind speeds.

Figure 1. Sketch of the model oval, flat-topped pile.

In the present study, surface wind speed is isolated as the
primary factor affecting particle uptake, although moisture
content, particle size, and bulk density affect fugitive dust
emissions as well. Wind speed was measured near the pile
surface with and without windbreaks of several sizes and
porosities located at various distances upwind or on the top
of the two typically shaped storage piles. No effort was made
to simulate fugitive dust emissions. Effect of wind direction
is also studied. The observed wind speed patterns are used to
determine the optimal windbreak porosity, height, length,
and location, and to develop windbreak design guidelines for
storage pile fugitive dust control. A more detailed descrip-
tion of experiments and results is given elsewhere.21

Experimental Arrangement and Instrumentation

Modeling Approach

The experiment was conducted in the EPA Meteorologi-
cal Wind Tunnel (MWT), a low-speed, open-return tunnel
having a test section 2.1 m high X 3.7 m wide X 18.3 m long. A
complete description of the MWT and operating character-
istics are given by Snyder.22 Simulating the lower part of the
atmospheric boundary layer (ABL) during strong winds

Figure 2. Sketch of the model conical pile and windbreak.

(wind speed exceeding the threshold value) and determining
model size and shape are necessary to assure that wind
tunnel results will be valid for the full-scale case under
investigation. The neutrally stratified simulated boundary
layer was characterized by a depth of approximately 1 m,
roughness length (z0) of 0.12 mm, and friction velocity (u*)
of O.O48Uo, where UQ = 4 m/s is the free-stream speed.
Details of the simulated boundary layer are given by Castro
and Snyder.23

Model size and free-stream wind speed should ideally be
determined from matching the model and full-scale Reyn-
olds numbers (Re). However, the requirement of matching
Re can be relaxed, if the Reynolds number of the simulated
flow exceeds a certain minimum (critical) value around 104,
above which the mean flow and large-eddy structures be-
come essentially independent of Re.24 With our simulated
i ?e^3X 104, based on an ambient air speed of 4 m/s and the
model pile height of 0.11 m, we can expect the concept of
Reynolds number independence to be valid. Hence wind
tunnel velocities, normalized by an appropriate scaling ve-
locity, are equivalent to normalized full-scale values, provid-
ed the relevent length scale ratios are matched for geometric
similarity.

No two storage piles have the same shape and size, and
active piles have constantly changing dimensions. For pur-
poses of the present study, windbreak effects on two typical,
but idealized, pile geometries are studied; the results may be
applicable to similar full-scale piles. Based on a survey of
coal pile shapes at several electric generating plants, the two
piles modeled had the same height (11 m) and side slopes
(37°), but different shapes, one a cone and the other an oval,
flat-topped pile, as shown in Figures 1 and 2. Since typical
pile and windbreak heights are well within the surface layer
(lowest 100 m'of the neutrally stratified atmosphere25),
matching the ratio of the pile height to the boundary layer

Figure 3. Top view of conical pile. Circles:
thermistor positions on pile. Dots: effective
thermistor positions due to pile rotation.

depth was not considered important. Instead, Jensen's26 cri-
terion of matching the ratio of the pile height to the surface
roughness length was used to obtain the scaling ratio be-
tween the model and prototype of 1:100. The model surfaces
were roughened with a 4 mm size gravel which satisfied the
criterion for aerodynamically rough surfaces.27

The windbreak and conical pile set-up is shown in Figure
2. Windbreaks were constructed of synthetic material of 50
percent porosity that is commercially available for wind-
break use and a nylon mesh screen of 65 percent porosity.
Windbreaks of two porosities, heights 0.5//, 1.0//, and 1.5//,
where H is the pile height; and lengths 1.0/) and 1.5/), where
D is pile base diameter, were placed at distances of 1// and
3// from the upstream pile base, resulting in a total of 24
cases that were tested. One windbreak was also placed at
angles of 20° and 40° from the position normal to the inci-
dent flow.

For the oval, flat-topped pile, one of the windbreak orien-
tations was similar to that shown in Figure 2 with the longer
axis of the pile being parallel to the windbreak. The same
windbreak porosities, relative sizes and positions were used
(the windbreak length is given in terms of the pile base
length B) although not all of the 24 possible combinations
were tested. Additional tests were conducted with wind-
break heights 0.75// and 1.25H, and length 0.6 times the pile
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base length. The other windbreak locations tested were on
the pile top, either close to the centerline or at the upstream
edge of the pile top parallel to the pile's longer axis. Two
heights, 0.14H and 0.27H, and two lengths, 0.16T and 0.5T,
where Tis the pile top length, were tested. "For windbreaks in
both positions the pile was rotated 20° and 40° to simulate
other wind directions.

An additional phase of the study was to measure mean
velocity and turbulence intensities downstream of the less
porous windbreak oriented normal to the air flow to deter-
mine whether reverse flow was present and to determine the
regions of reduced mean flow and enhanced turbulence. The
windbreak chosen was 50 percent porous, 112 mm high and
1180 mm long (aspect ratio 10.5).

2

-1.5 0 1.5 3 4.5 6 7.5 9 10.5 12 13.5 15
x/h

Figure 4. Relative wind speed reductions downstream of a
porous windbreak.

Instrumentation

Velocity profiles were measured at selected locations over
the flat tunnel floor and downstream of a windbreak with
hot-wire and pulsed-wire anemometers that were mounted
on the instrument carriage in the wind tunnel.21 Wind
speeds were measured at a number of points over and close
to the pile surface with heated thermistors. Physical charac-
teristics and measurement techniques of the three anemom-
eters are briefly discussed in the following.

A hot-wire anemometer (HWA) was used to obtain verti-
cal profiles in the undisturbed (no pile, no windbreak)
boundary layer and downstream of a windbreak. Mean ve-
locity, angle of flow, and several turbulence quantities were
obtained using the conventional hot-wire technique with
frequent calibrations and the yaw response corrections de-
veloped by Lawson and Britter.28 The hot-wire output was
digitized and processed at a rate of 500 Hz. A sampling time
of 90 s provided reasonably repeatable results.

A pulsed-wire anemometer (PWA) was used to measure
mean flow and turbulence intensity downstream of a wind-
break since flow visualization indicated intermittent flow
reversal. The PWA senses both wind speed and direction.
Details on the theory of the PWA and its operation are given
by Bradbury and Castro29 and Castro and Snyder.23 A sam-
pling rate of the 20 Hz and sampling time of 3 minutes gave
reasonably repeatable results.

It is difficult to measure the wind speed near the rough,
sloping surface of the pile, particularly when the wind direc-
tion at the measurement point is unknown and difficult to
determine. Pitot-static tubes and hot-wire anemometers re-
quire certain orientation with respect to the wind for accu-
rate results and cannot be readily used to measure the wind
or stress field over the whole pile surface. Heated thermis-
tors projecting out of the pile surface were found to be more
suitable and economical for this purpose. Fenwal thermis-
tors of 1 mm bead diameter and 1.5 mm length, with a time
constant of 4 s in still air at 25°C were used. The electric

circuit consisted of a regulated power supply of constant
voltage E and thermistor-resistor pairs in parallel with the
power supply. The voltage across each series resistor was the
output voltage which was digitized at a rate of 50 Hz. A one-
minute sampling time was found to be adequate.

Thermistor anemometers operate under the same basic
principle as do hot-wire anemometers, that is, the heat loss
from the sensor is a function of wind speed. Rasmussen30 has
shown that

i2R = K(Tt - Ta) (1)

where i is current through the thermistor, R is thermistor
resistance, Tt and Ta are thermistor and ambient tempera-
ture, respectively, and K is the dissipation factor. K is a
function of the wind speed and the properties of the fluid
surrounding the thermistor, and was determined experi-
mentally from calibration in a small wind tunnel as

K = 0.97u027 (2)

where u is in m s"1 and K is in mW °C \
Nine thermistors were mounted at different elevations on

the conical pile in the arrangement shown in Figure 3. The
thermistors were mounted normal to and about 2 to 3 mm
above the pile surfaces. Close to the surface the flow presum-
ably parallels the surface and wind speed may be assumed to
be directly related to the surface shear stress. Each run
consisted of measuring the wind speed with the nine therm-
istors, rotating the pile 30°, measuring the wind speed at
these nine positions, etc., through 360°, resulting in 108 data
points per run. Eighty-one thermistors were mounted in a
regular pattern over the entire surface of the oval, flat-
topped pile. Each run consisted of measuring the wind speed
at the 81 positions for one pile orientation.

Possible systematic errors resulting from the application
of the same calibration curve (Equation 2) to all the thermis-
tors, effects of individual roughness elements and the vari-
able thermistor height above the surface could be as large as
20 percent if absolute wind speeds are desired. In the present
study, however, our interest was more in relative wind
speeds over the pile surface, such as the ratio of wind speeds
with and without a windbreak or with two different wind-
breaks. Errors in relative wind speed are estimated to be less
than 10 percent.

0.4

0.

0.4

Figure 5. Normalized surface wind speed (u/
ur) about the conical pile for no windbreak ,
case.

Flow about a Porous Windbreak

The porous windbreak caused a large area of reduced wind
speed in its lee. Relative wind speed reduction due to a
windbreak may be defined as [Un(z) - U(z)]/UR(z), where
UR(Z) is the reference speed (measured with the HWA) at
the location of the windbreak but in its absence, and U{z) is a
speed (measured with the PWA) at some distance down-
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stream of the windbreak. Lines of constant speed reductions
are shown in Figure 4. Downstream distance and height are
scaled by the windbreak height h. Below z = lh, wind speeds
were reduced at least 50 percent from the upstream value at
the same height. The greatest reductions were observed for
heights less than z = 0.5h between approximately Ah and 8h
downstream. Flow visualization indicated intermittent flow
reversal near the surface in this region. Note that the maxi-
mum reduction of wind speed did not occur immediately
downstream of the windbreak, but occurred farther down-
stream. A strong gradient is clearly evident just above and
downstream of the windbreak.

FLOW
DIRECTION

0.6

Figure 6. Normalized surface wind speed (u/
ur) about the oval, flat-topped pile for no wind-
break case.

The pattern of turbulence intensity downstream of a
windbreak was similar to that of wind speed reduction. Tur-
bulence intensity is the ratio of the r.m.s. fluctuating longi-
tudinal velocity u' at a given location to the mean wind speed
at that location. Intensities of greater than 30 percent were
observed for heights less than l.bh, between x = 2h and 12h.
The maximum in u' occurred between z ca l.25h and 1.5h
which suggests that greater turbulence is generated in the
shear layer separating from the top of the windbreak.

The observed flow structure downwind of a porous wind-
break was qualitatively similar to that observed by Raine
and Stevenson,11 but there are quantitative differences due
to differences in the windbreaks and simulated boundary
layer characteristics in the two studies.

Flow about Simulated Storage Piles

It is important to locate the areas of high wind speed near
the pile surface in the absence of a windbreak since that is
where particle uptake is most likely to occur. Similarly, the
areas where wind erosion is least likely to occur are those
with low wind speed. Figures 5 and 6 show the top views of
the conical and oval, flat-topped piles, respectively, with
contours of normalized wind speed, u/uT, where u is the wind
speed at the pile surface measured with the thermistor and
uT is the wind speed at the equivalent full-scale height of 10
m in the absence of the pile. Ten meters was chosen as the
reference height rather than 11 m, the pile height, because
the former is the standard height to which "surface" wind
speed measurements are usually referenced in the meteoro-
logical literature. Note that the air flow in the figure is from
the left. Correction factors for the thermistors on the flat-
topped pile were developed based upon the data from the 0°
and 180° pile orientations, assuming flow symmetry around
the pile surface; these were used in subsequent measure-
ments. For both piles the areas of maximum wind speed were

near the top on the upwind sloping faces and extended to-
ward the sides of the pile. The maximum normalized speed
("max/"r) was 1.16 and 1.12 for the conical and flat-topped
piles respectively. The areas of minimum wind speed are in
the lee of piles and on the top of the flat-topped pile. High
speeds along the pile sides are expected because the flow is
accelerated in going around the pile. The flow separates on
the lee side, resulting in a region of low-speed recirculating
flow.

Windbreak Effects on Flow About Storage Piles

Effects of windbreak height, length, porosity and position
on wind speed about the pile are discussed for the case of a
windbreak placed upstream of both the piles and on the top
of the flat-topped pile. Effect of wind direction was also
studied. Relative wind speed reduction and the observed
maximum wind speed were used to assess the relative effec-
tiveness of various windbreaks.

Initial guidance on the desired size of the windbreak and
its location was obtained from an examination of the ob-
served flow and sheltered region behind the windbreak in
the absence of the pile. Since height and width of the shel-
tered region are directly related to windbreak height and
length, windbreaks placed upstream of the pile having di-
mensions less than the pile height or length are expected to
be less efficient.

With a windbreak, the wind speed at a given location on
the pile surface is some fraction of that in the unprotected
case. The relative amount by which the wind speed is re-
duced is called the wind speed reduction factor Ri and, in
percent, is defined as

i = (uQ>i - Ui)/u0>i X 100, (3)

where ui and Uo,i are wind speeds at the ith location on the
pile for the cases with and without the windbreak, respec-

FLOW
DIRECTION

r20

Figure 7. Wind speed reduction factor (fl, %)
for the 65 percent porous windbreak of height
0.5Hand length 1.0D placed 1Hfrom the coni-
cal pile base.

tively. Ri is zero when the windbreak causes no change in the
wind speed, and 100 percent when the wind speed is reduced
to zero. It is important to remember that the combined
effects of windbreak height, length, porosity, and position,
as well as turbulence in the approach flow, and pile shape,
size and surface roughness determine the wind speed distri-
bution over the pile surface. Some of these factors will be
considered here. First, the cases of windbreaks normal to the
air flow are discussed.

An optimum windbreak size (height and length) exists
since a very small windbreak is expected to be ineffective
and a very large windbreak may be effective in reducing
wind speeds but may turn out to be too expensive. Contours
of constant wind speed reduction factor Ri resulting from 65
percent porous screen of height 0.5H, located a distance H
from the pile base and length 1.0D for the conical pile (Fig-
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ure 7) and l.OJB for the oval pile (Figure 8) are shown. Refer-
ring also to Figures 5 and 6, in the areas of maximum wind
speed without the windbreak, these windbreaks reduced the
wind speed by 20 to 30 percent. For both piles, relatively
large wind speed reductions occurred in the lower portion of
the upstream face, with the greatest reductions apparent
near the piles' centerlines. Regions of wind speed increase
(negative reduction factor) were observed on the lee side of
the conical pile and on the top, upstream-half of the larger
pile. The increase in speed observed on the top of the larger
pile may be due to a combination of air deflection about the
windbreak and the pile. In terms of fugitive dust control,
these increases are probably not significant for the conical

FLOW
DIRECTION

Figure 8. Wind speed reduction factor (/?,• %)
for the 65 percent porous windbreak of height
0.5Hand length 1.OB placed "IHfrom the oval,
flat-topped pile base.

pile because the wind speeds will be relatively low in this
region unless the reference speed (ur) is very high, but the
increase could be significant for the larger pile, again de-
pending on uT. This general pattern of wind speed reduction
was typical of all the windbreaks of height 0.5H, but not of
the higher windbreaks.

For higher windbreaks (heights l.OH and 1.5H) upstream
of the conical pile, the area of greatest wind speed reduction
was the upper part of the windward side, with typical reduc-
tions of at least 50 percent (see Figure 9). Areas of negative
reduction factors (up to =̂ —15 percent) were observed only
with windbreaks of height l.OH located 3H from the conical
pile; these areas were significantly smaller than those ob-
served with lower windbreaks (Figure 7). Wind speeds were
reduced everywhere for the other higher windbreak with
reduction factors ranging up to 90 percent. In general, the
reduction pattern for windbreaks of the same porosity,
length, and position did not differ significantly when the
windbreak height was increased from l.OH to 1.5H. Figure 9
shows the effect of increased porosity on windbreak effec-
tiveness.

For higher windbreaks (heights l.OH and 1.5H) upstream
of the oval, flat-topped pile, wind speeds were reduced ev-
erywhere (see Figure 10). Increasing the height from l.OH to
1.5H gave greater reductions on the pile top, but the general
pattern of wind speed reduction depended upon the wind-
break location. In general, a windbreak of height l.OH locat-
ed a distance 1H upwind of the pile base gave similar wind
speed reductions (30-60 percent) on the top part of the
upstream face and on the pile top. Increasing the height to
1.5H caused greater reductions (40-80 percent) only on the
pile top. A windbreak of height l.OH in the 3H position
caused higher reductions on the upstream face (45-75 per-
cent) than on the pile top 10-45 percent).

Length of the windbreak relative to the pile dimension
across the flow is also an important parameter. Wind speed
reductions up to 40 percent were observed on both sides of

the flat-topped pile with windbreaks of length 0.65 which is
equal to the maximum length of the flat-topped pile at the
top. Longer windbreaks (length = l.OB) caused much higher
reductions in wind speeds (at least 60 percent) at the sides of
the flat pile top (Figure 10). Increasing the windbreak length
beyond the pile base length {B) did not significantly alter the
wind speed reductions. Length becomes more important,
however, if the incident wind is not normal to the windbreak
(see later discussion).

The effect of the distance between the windbreak and pile
on wind speed reduction appears to be related to windbreak
height. In general, windbreaks of height 0.5H caused greater
wind speed reduction in the lower part of the windward face
and toward the sides when placed a distance equal to the pile
height (1H) rather than a distance three times the pile
height (3H) from the piles' bases. Windbreaks of height 1.5H
placed 3H from either pile caused greater wind speed reduc-
tions on the windward face than if the windbreak were at the
1H position. Both locations were found to be equally effec-
tive for windbreaks of height l.OH.

Patterns of wind speed reduction factors clearly show ef-
fects of windbreak height, length, porosity and position. The
maximum wind speed measured by a thermistor on the pile,
independent of position, may also be used to assess relative
effectiveness of the various windbreaks since it is related to
the maximum particle emission rate. Values of maximun
wind speed umax normalized by the wind speed uT at the
equivalent full-scale height of 10 m in the absence of the pile
for the windbreaks normal to the flow are given in Tables I
and II for the conical and oval, flat-topped piles, respective-
ly. Recall that the ratio umax/ur is 1.16 and 1.12 for the
unprotected (no windbreak) cases. In general, higher maxi-
mum wind speeds are observed for windbreaks upstream of
the oval, flat-topped pile than for the corresponding wind-
break with the conical pile, although their trends with in-
creasing windbreak height are similar for both piles.

FLOW
DIRECTION

Figure 9. Wind speed reduction factor (R, %) for the
windbreak of height "I.OHand length 1.0D placed 1H
from the conical pile base with porosity 65 percent
(solid line) and 50 percent (dashed line).

All the windbreaks reduced maximum wind speed. Wind-
breaks of height 0.5H gave much higher umax/uT than did the
higher windbreaks. Differences in umax/ur between wind-
breaks of height l.OH and 1.5H, for the same porosity,
length, and position, were not nearly as great as for those
between 0.5H and l.OH. In general, for a given windbreak
height, length, and position, the 50 percent porous wind-
break caused lower umax/uT than did the 65 percent porous
windbreak. Windbreaks shorter than the length of the pile
base were clearly less effective. Optimum location depends
on the windbreak height and length.

The effect of changes in wind direction from the normal to
the windbreak was studied for the 50 percent porous wind-
break of height l.OH, length 1.0.D, placed a distance lHfrom
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the conical pile base. The ratio umax/uT was 0.31, 0.69, and
1.12 for the cases with angles of 0°, 20°, and 40° between the
incident wind and the windbreak normal, respectively. For
the 0° case wind speed reductions were at least 40 percent
over much of the pile. For the 20° case, a region of much
lower reductions was observed on the side of the pile oppo-
site the windbreak, indicating that the windbreak length and
position are important. For the 40° case, the region of reduc-
tions greater than 40 percent was quite small; indeed wind
speed increases were observed. Clearly, windbreak effective-
ness decreases with increasing angle of flow from the normal.

FLOW
DIRECTION

60

Figure 10. Wind speed reduction factor (R,
%) for the 50 percent porous windbreak of
height 1.5H placed 1H from the oval, flat-
topped pile base with length 0.6S (solid line)
and 1.0B (dashed line).

Our results for the windbreak-protected piles may be com-
pared with two previous laboratory studies in which wind-
breaks were located upwind of a pile. Davies18 recommended
a windbreak height of 1AH, which is consistent with our
results. But he did not report the detailed results of the
various cases tested, which could be compared to ours. The
present work has extended the studies by Soo et a/.19 and Cai
et al.20 by using three-dimensional piles and windbreaks of
different heights and porosities. In both the previous stud-
ies, optimal windbreak location was found to be related to
the windbeak height, and lower wind speeds were observed
with less porous windbreaks.

In addition to placing windbreaks upstream of both piles,
some were placed on the top of the oval, flat-topped pile.
Large wind speed reduction factors (up to 65 percent) on the
pile top were observed for all the cases. The location and
extent of the area with significant wind speed reduction
depended upon windbreak size, location, and angle of the
incident flow. The area of coverage and magnitude of the
wind speed reductions were greater for a higher windbreak.
Similarly, longer windbreaks caused larger sheltered re-
gions, which were confined, however, to the pile top. The
greatest reductions were observed in areas between about 3/i
and 6h downstream of the windbreak. A windbreak placed
near the centerline of the pile caused wind speed reductions
downstream and, to a lesser extent, upstream of the wind-
break on the pile top. Reduction factors for a windbreak
placed near the centerline of the pile with the incident flow
40° to the windbreak normal showed that the sheltered area
shifted with the wind direction. These results suggest that
fugitive dust emissions on the top of the pile may be con-
trolled locally through the use of a windbreak at the top of
the pile.

Windbreak Efficiency for Fugitive Dust Control

Windbreak effectiveness in controlling fugitive dust emis-
sions from storage piles may be assessed by several methods.
Wind speed reduction patterns and the normalized maxi-
mum wind speed have already been described. Further ana-
lyses based on particle uptake at wind speeds exceeding a
given threshold value will be described.

In terms of fugitive dust emissions, the windbreak effi-
ciency E may be defined as

E = 1 - (Q/Qo) (4)

where Q and Qo are the storage pile fugitive dust emission
rates with and without the windbreak, respectively. Since
only surface wind speeds have been measured here, assumed
relationships between wind speed and emissions are used to
calculate efficiencies. A windbreak may reduce wind speeds
to values less than the threshold for particle uptake over part
or all of the pile. Hence a better definition of efficiency
would include a threshold value. However, threshold speeds
have been determined only for a few cases as discussed
earlier. The relationship between threshold speed and parti-
cle size and moisture content is not well understood. To a
first approximation, it is assumed here that the reference
wind speed is sufficiently high, so that wind speeds every-
where, with and without a windbreak, exceed the threshold.

Table I. umBLJuT for the various windbreaks placed upstream of the conical pile.

Height

0.5H
1.0H
1.5H

Table II. uma

Height

Position:
Length: l.OD

0.91
0.55
0.56

65% porous windbreak
1H

1.5D l.OD

0.93 0.91
0.59 0.54
0.60 0.50

SH
1.5D

0.94
0.56
0.52

1H
l.OD

0.90
0.31
0.39

x/ur for the various windbreaks placed upstream of the oval, flat-topped pile.

Position:
Length:

(
1H

0.6B

35% porous windbreak

m
1.0B 0.6B 1.0B 0.6B

509
1H

1.0B

50% porous windbreak

1.5D l.OD

0.93 0.82
0.34 0.37
0.42 0.25

h porous windbreak

1.5B 0.6B

3H

SH

1.5D

0.86
0.27
0.17

1.0B

0.5/f
0.15H
1.0H
1.25H
1.5H

0.98

0.85

0.78

0.96

0.70

0.69

0.97

0.84

0.79

0.68

0.95

0.73

0.63

0.92
0.58
0.45
0.48
0.45

0.90

0.52

0.49

0.93 0.87
— 0.66

0.78 0.56
— 0.36

0.66 0.28
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Table III. Efficiency (E{) for the various windbreaks placed upstream of the conical pile.

Height

0.5H
1.0H
1.5H

Table IV.

Height

Position:
Length: l.OD

34
48
46

65% porous windbreak
1H

1.5D l.OD

32 28
45 53
44 55

3H
1.5D

30
52
54

1H
l.OD

46
66
64

Efficiency (Ei) for the various windbreaks placed upstream of the oval, flat-topped pile.

Position:
Length: 0.6B

65% porous windbreak
[ 2,H

1.0J3 0.6B 1.0B 0.6B

509?
1H

1.0B

50% porous windbreak

1.5D l.OD

45 36
67 65
65 71

) porous windbreak

1.55 0.6S

3H

3H

1.5D

36
71
77

1.0B

0.5H
0.15H
1.0H
1.25H
1.5H

15

27

33

16

34

39

13

28

38

37

18

34

44

20
41
53
56
58

21

51

59

15

31

43

17
34
49
57
62

Then a percentage efficiency can be defined based upon a
given power law relation, Qaun (where n is between 1 and 3),
between wind speed and particle uptake.

X 100, (5)

where the summation is over the entire pile. In effect, these
efficiencies are 1—(u"/uo"), where un and u$n are the area-
averaged values over the pile surface with and without a
windbreak, respectively. Efficiencies E\ and E% are calculat-
ed here, using values of n = 1 and 3. The above definition of
the efficiency differs from that used by Billman.31

Efficiencies {E\) for the windbreaks placed upstream of
the conical and oval, flat-topped piles with normal incident
flow are given in Tables III and IV, respectively. In general, a
windbreak is more effective (higher E\) when placed up-
stream of the conical pile, as compared to a windbreak of the
same relative size placed upstream of the larger, oval-shaped
pile. Trends in E\ with changes in height, length, location
and porosity of the windbreak are similar for both piles. In
general, a windbreak at least as high as the pile is desirable.
The 1.5H height was slightly more effective than the 1.0H
height with the oval, flat-topped pile, reflecting increased
wind speed reductions on the pile top for the highest wind-

break. Efficiencies are higher for the less porous windbreak
material. Except for the windbreaks of height one-half the
pile height (0.5H), efficiency is lower when the windbreak is
not as long as the pile base length.

Trends in the values of E%, (the efficiency based upon the
u3 relation to dust uptake) with windbreak height, length,
location and porosity are found to be similar to those for E\,
except the values of E3 are considerably larger than those of
Ei. The trends are clearly seen in a plot of efficiency (£3) vs.
windbreak height as functions of windbreak length and po-
rosity for both the piles (Figure 11).

Although the highest efficiencies of 99 percent and 96
percent correspond to the 50 percent porous material of
height 1.5H, length 1.5D or 1.0B, located SH from the base of
both the piles, the efficiencies of the more economical wind-
break of the same porosity, height equal to the pile height
and length equal to the pile base length are only slightly
lower (97 percent and 89 percent, respectively). Clearly, the
latter size would be preferable on the basis of cost effective-
ness. Any location between 1H and 3H from the base of the
pile could be chosen depending on the convenience.

Windbreak efficiencies presented here are generally much
higher than those estimated by Bohn et al.ie and Jutze et
al.,17 indicating that windbreaks may be a highly effective
fugitive-dust control method.

100

9 0 -

POROSITY
a 50%
O 50%
O 65%
O 65%

LENGTH
1.0D
1.5 D
1.0 D
1.5 D

0 .5 1 1.5 2
WINDBREAK HEIGHT/PILE HEIGHT

POROSITY

o
0

5 0 %
5 0 %
6 5 %
6 5 %

LENGTH
0.6 B
I.OB
0.6 B
I.OB

0 .5 1 1.5 2
WINDBREAK HEIGHT/PILE HEIGHT

Figure 11. Efficiency (E3) vs. height for windbreaks placed 3H from the pile base: (a) conical pile, (b) oval, flat-
topped pile.
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Conclusions

This wind tunnel study has shown that windbreaks nor-
mal to the wind direction placed upwind of a conical and
larger, oval, flat-topped storage pile can significantly reduce
wind speed near the surface of the pile, and hence, fugitive
dust emissions. Of the windbreaks tested for each pile, the
largest 50 percent porous windbreak placed 3iffrom the pile
appears to be the best in terms of greatest wind speed reduc-
tions and effectiveness for fugitive dust control. However, all
the 50 percent porous windbreaks at least as high as the pile
and as long as the pile base had similar overall effects. Wind-
breaks of height and/or length less than that of the pile were
clearly less effective. Optimal windbreak location appears to
be related to windbreak height, particularly for the conical
pile; the higher the windbreak, the farther it should be locat-
ed upwind of the pile. However, locations farther than SH
were not examined.

Windbreak length and position are even more important
in determining effectiveness when the air flow is not normal
to a windbreak. With a windbreak of height and length equal
to the pile height and base length, substantial wind speed
reductions resulted when the windbreak was placed upwind
normal to the flow and also at an angle of 20° to the normal,
but very little reduction occurred at an angle of 40°.

Windbreaks placed on the top of the oval, flat-topped pile
caused large areas of significant wind speed reductions on
the pile top both downwind and upwind of the windbreak,
but very small reductions to the high wind speeds on the
windward face occurring in the absence of any windbreak.
The area of greatest reduction was not immediately down-
wind of the windbreak, but displaced farther downstream.
Changes in wind direction shifted the location of the shel-
tered region. These results suggest that fugitive dust emis-
sions may be locally controlled with windbreaks placed on
the top of a relatively level storage pile. In particular, porta-
ble windbreaks may be quite practical since they could be
positioned to protect active areas of the pile.

Design guidelines developed by Soo et a/.19 and Cai et al20

have been extended since more windbreak configurations
were examined and three-dimensional piles were used.
Windbreak efficiencies are found to be much higher than
previously estimated.16'17 With the design guidelines pre-
sented here, the use of windbreaks for fugitive dust control
appears promising.

Wind speed was isolated here as the major factor affecting
storage pile fugitive dust emissions, but storage pile mois-
ture content, type of material stored and threshold wind
speed also affect emissions. A clearer understanding of the
relationship of wind speed and threshold speed to fugitive
dust emissions would allow for better analysis of the data
presented. Additional field measurements of fugitive dust
from storage piles with and without windbreaks would be
helpful for comparison to the efficiencies and design guide-
lines presented here.
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